Transcriptional repression is essential for the patterning of the Drosophila embryo. Anterior-posterior patterning is initiated by the maternal Bicoid gradient, which produces sequential patterns of gap gene expression across the length of the early embryo Nusslein-Volhard 1988, 1989; Ochoa-Espinosa et al. 2005) . The encoded gap proteins function as sequence-specific transcriptional repressors that subdivide the embryo into head, thoracic, and abdominal territories (Nusslein-Volhard and Wieschaus 1980; Fowlkes et al. 2008; Surkova et al. 2008) . They also delineate the borders of pair-rule stripes of gene expression underlying segmentation (Hiromi and Gehring 1987; Small et al. 1991; Tsai and Gergen 1994) . Similarly, the maternal Dorsal gradient leads to localized expression of different transcriptional repressors across the dorsal-ventral axis of the early embryo (Ray et al. 1991; Casal and Leptin 1996; Stathopoulos et al. 2002; Stathopoulos and Levine 2005) , including snail (sna) (Ashraf and Ip 2001; Hemavathy et al. 2004 ) and brinker (brk) (Jazwinska et al. 1999; Zhang et al. 2001) , which establish the limits of the mesoderm and ventral ectoderm, respectively (Kosman et al. 2004; Markstein et al. 2004 ).
The mechanisms underlying transcriptional repression and hence the delineation of developmental boundaries have been studied extensively. Different mechanisms have been documented, including competition between DNA-binding proteins, "quenching" of activators bound to adjacent sites within target enhancers, or direct repression of the promoter (Levine and Manley 1989; Gray et al. 1994; Gray and Levine 1996a,b) . Newly developed live-imaging methods permit the first opportunity to explore the temporal dynamics of these repression mechanisms in living embryos (Garcia et al. 2013; Lucas et al. 2013) .
We examined the repression of two different tissue-specific enhancers: the 5 ′ brk enhancer and the intronic short-gastrulation (sog) enhancer. Both enhancers are activated by the maternal Dorsal gradient in ventral (presumptive mesoderm) and lateral (presumptive neurogenic ectoderm) regions of precellular embryos Stathopoulos et al. 2002) . The Snail repressor binds to specific sites within each enhancer to exclude their activities within the mesoderm. We visualized the formation of this developmental boundary between mesoderm and neurogenic ectoderm in living embryos using the MS2/MCP detection method (e.g., see Bothma et al. 2014) .
brk and sog transgenes mediate broad patterns of expression in the presumptive mesoderm and lateral ectoderm of precellular embryos. Nascent transcripts are lost during the general transcriptional silencing that occurs at mitosis. Strikingly, brk expression is virtually excluded from the mesoderm, while sog expression is significantly reduced upon reactivation of the transgenes during the final interphase prior to gastrulation. Mutant embryos expressing increased levels of the Snail repressor or undergoing protracted periods of mitosis exhibit more complete repression of sog upon reactivation in the final cell cycle. These observations suggest that the cell cycle is coupled to developmental patterning and raise the possibility that mitotic silencing somehow facilities the activities of Snail and other sequence-specific repressors.
Results and Discussion
The enhancers tested in this study were derived from two different dorsal-ventral patterning genes: brk and sog; both encode inhibitors of BMP signaling (Ashe and Levine 1999; Bray 1999; Campbell and Tomlinson 1999; Jazwinska et al. 1999) . The brk enhancer is located ∼10 kb upstream of the transcription start site, while the sog enhancer is located within the first intron of the transcription unit, ∼1.5 kb downstream from the start site (Supplemental Fig. S1A ). Each enhancer was placed immediately upstream of its cognate promoter and attached to a yellow reporter gene containing 24 MS2 stem-loops within the 5 ′ untranslated region (UTR). Nascent transcripts were visualized in living embryos using a maternally expressed MCP-GFP fusion protein (Supplemental Fig.  S1B ; see Garcia et al. 2013 ).
Both transgenes recapitulate the expression profiles of the endogenous genes; namely, they are activated throughout the presumptive mesoderm and neurogenic ectoderm and then repressed in the mesoderm. Prior studies with fixed embryos suggest that these enhancers respond to different levels of the Snail repressor (e.g., see Bothma et al. 2011) . The brk 5 ′ enhancer appears to be more efficiently repressed by Snail as compared with the sog intronic enhancer. We examined both transgenes in living embryos to determine whether they exhibit distinctive repression dynamics.
brk repression dynamics is correlated with mitotic silencing
The brk>MS2 transgene exhibits an expression profile that is similar to that seen for the endogenous locus based on conventional in situ hybridization methods (Supplemental. Fig. S1C ). The main difference is that the transgene produces a slightly narrower pattern due to the absence of the 3 ′ "shadow" enhancer (Perry et al. 2010; Dunipace et al. 2013) .
There is broad activation of the brk>MS2 transgene in both ventral and lateral regions during nuclear cleavage cycles 10-13 (nc10-nc13) (see Supplemental Movie S1). brk>MS2 nascent transcripts are lost during the general silencing of transcription at each mitosis. Interestingly, upon reactivation of the transgene at the onset of nc14, we observed a sudden loss of de novo transcription in the mesoderm (Fig. 1A,B) . Transcripts are restricted to the neurogenic ectoderm, suggesting that the mature brk expression pattern is established immediately following mitosis.
In an effort to quantify the dynamics of this repression, we partitioned individual nuclei within the presumptive mesoderm and ectoderm (see the Materials and Methods; Supplemental Fig. S2 ) and calculated the fraction of active nuclei in these regions throughout nc13-nc14. Active nuclei are defined as those exhibiting nascent RNA signals in at least one z-series (20 sec). We did not observe any significant variation in the fraction of active nuclei between the mesoderm and lateral ectoderm during nc13 (Fig. 1G) . However, at the onset of nc14, ∼90% of the nuclei in the mesoderm are silenced, while expression persists in the lateral ectoderm (Fig. 1G) .
To obtain more detailed information on the dynamics of repression in the ventral mesoderm, we quantified the fluorescence of individual transcription foci, since previous studies have shown that it scales with the number of RNA polymerase II (Pol II) complexes engaged in active transcription (Garcia et al. 2013; Bothma et al. 2014) . Quantitative analysis of the brk>MS2 transgene reveals that the ventral-most nuclei in the mesoderm exhibit ∼25% reduction in signal intensity during nc13 as compared with active nuclei in the lateral ectoderm (Fig. 1I,  nc13 ). The majority of nuclei that display nascent transcripts at the onset of nc14 is located in the ectoderm, and the few active nuclei in the mesoderm show a substantial reduction in signal intensity (∼60% reduction) (Fig. 1I, nc14 ). Thus, Snail begins to attenuate the brk 5 ′ enhancer during nc13, and this repression appears to be strongly reinforced during mitosis. We suggest that mitotic silencing augments the activity of the localized Snail repressor (see below). sog expression is attenuated following mitosis sog is regulated by two enhancers with overlapping activities: a distal enhancer located ∼20 kb upstream of the sog promoter and an intronic enhancer located ∼1.5 kb downstream from the transcription start site (Hong et al. 2008; Perry et al. 2010) . The distal 5
′ enhancer contains high-affinity Snail-binding sites and exhibits repression dynamics similar to that of the brk>MS2 transgene following mitosis (Supplemental. Fig. S3 ; Supplemental Movie S2). The intronic enhancer contains weak Snail-binding sites and shows modest repression in the ventral mesoderm of wild-type embryos ( Fig. 1D-F ; Supplemental Movie S3). Most nuclei are reactivated following mitotic silencing ( Fig. 1D -F,H) but display a significant reduction (more than twofold) in expression (Fig. 1J) . To explore the dynamics of sog repression, we examined embryos carrying three copies of the snail locus. They exhibit significantly more complete repression of the sog>MS2 transgene during the onset of nc14 as compared with wild-type embryos (cf. Figs. 2A-C and 1D-F; Supplemental Movie S4). Fewer than half the nuclei in the mesoderm reactivate sog>MS2 expression at the onset of nc14 (Fig. 2J) .
The preceding results suggest a clear correlation between mitotic silencing and repression of the brk>MS2 transgene and attenuation of sog>MS2. There is an approximately twofold reduction in the levels of sog>MS2 expression in the mesoderm following mitotic silencing in wild-type embryos and a substantial reduction in the number of nuclei that reactivate the transgene at the onset of nc14 in embryos containing three copies of snail. Nonetheless, it is not clear whether the ∼8-min interval during mitosis is a more effective period of Snail-mediated repression than a comparable interphase period.
Additional support stems from the analysis of a rare haploid embryo (Fig. 2D-F) . Following fertilization, the paternal and maternal haploid pronuclei sometimes fail to fuse, and development proceeds with successive divisions of the maternal pronucleus. Due to the reduced amount of DNA, these haploid nuclei undergo an additional, 14th mitotic division (Edgar et al. 1986 ). As expected, the resulting nc15 nuclei are half the volume of normal nc14 diploid nuclei due to the extra division cycle (Fig. 2 , cf. F and C; Supplemental Movie S5). Strikingly, the sog>MS2 transgene exhibits a dramatic loss of expression in mesoderm nuclei at the onset of nc15 (Fig. 2, cf. F and E). There is only a modest loss in the number of nuclei that exhibit repression in the mesoderm during nc14 (∼10%). This is followed by an ∼10-fold reduction in the number of nuclei that reactivate the transgene at the onset of nc15 (Fig. 2K) . This loss in expression following mitosis is similar to that seen for the brk>MS2 transgene in wild-type embryos (e.g., see Fig. 1B ). Unfortunately, given the scarcity of spontaneous haploid embryos, we were able to perform these measurements on only one embryo.
These observations reinforce the correlation between mitosis and repression. Additional evidence was obtained by extending the normal period of mitosis by lowering the temperature of developing embryos. A temperature-controlled microfluidic chamber was used to produce a transient reduction in temperature-from 22°C to 17 o Cduring the 13th mitosis while maintaining the temperature at 22°C during interphases 13 and 14. This treatment diminishes the rate of embryonic development and extends the time of mitosis from ∼8 to ∼15 min (see the Materials and Methods). There is a more pervasive loss of expression in the mesoderm upon reactivation of the sog>MS2 transgene at the onset of nc14 ( Fig. 2G-I ; Supplemental Movie S6). Less than half the mesoderm nuclei exhibit expression of the sog>MS2 transgene upon reactivation at the onset of nc14 (Fig. 2L) .
We do not believe that the correlation between mitosis and repression is a peculiarity of the Snail repressor. Mitotic silencing might influence gap repressors such as Krüppel, since there is a substantial refinement in the eve stripe-2 expression pattern at the onset of nc14 (see Bothma et al. 2014 ).
Allele-by-allele repression
The preceding analyses employed heterozygous embryos carrying a single copy of the brk or sog transgenes. We next examined homozygous embryos to determine whether the two alleles of a locus display coordinated or uncoupled patterns of repression. The brk>MS2 transgene exhibits a sharp transition from active to inactive mesoderm nuclei following mitosis (see Supplemental Fig.  S4A -C,F-G; Supplemental Fig. S5 ; Supplemental Movie S7). We therefore focused our analysis on the regulation of sog>MS2 homozygotes (Fig. 3) .
There is no detectable repression of either sog>MS2 allele during nc13 (Supplemental Figs. S4D,H,S6A; Supplemental Movie S8). At the onset of nc14, most of the daughter nuclei reactivate expression following mitotic silencing (Supplemental Figs. S4E,I,S6B) but produce fewer transcripts than the nuclei in the ectoderm (Fig. 3A) . Moreover, mesoderm nuclei exhibit asymmetric reactivation of the two alleles (Fig. 3B,C) . One of the alleles exhibits expression that is comparable with each allele in the ectoderm, whereas the other allele is either silent or exhibits very weak and transient expression (Fig. 3C ). These observations suggest that the diminished levels of expression that are observed for sog>MS2 at the onset of nc14 are mainly due to the repression of one of the alleles. Thus, Snail represses sog expression in the mesoderm one allele at a time. Instead of diminishing the levels of both alleles, there is a clear trend to silence one of the alleles Projected confocal stacks of live embryos at three different time points during nc13 and nc14 expressing sog>MS2 and visualized with a MCP::GFP fusion protein (green). (A-C) Normal embryo containing three copies of snail due to an ∼25-kb snail BAC transgene. This embryo exhibits more immediate repression of sog>MS2 at the onset of nc14 as compared with the wild-type control (cf. B and Fig.  1E ). (D-F) An embryo exhibiting an additional nuclear cycle. There is a substantial loss of sog>MS2 expression in the mesoderm at the onset of the final cell cycle (nc15). (G-I) A wild-type embryo where mitosis occurs at 17°C rather than room temperature. The line near the right of each panel corresponds to a glue line used to immobilize the embryo within the microfluidic chamber. Histone-RFP was used to visualize the nuclei (red). The times indicated above each panel are scaled to the general silencing that occurs at mitosis. (J-L) The fraction of nuclei that displays nascent transcripts in embryos carrying three copies of snail (J), undergoing an extra nuclear division (K ), or undergoing extended mitosis (L). The shaded area in J and L corresponds to the SEM of two biological replicate embryos.
(Supplemental Fig. S4I ). The basis for this "digital" mode of repression is uncertain, but it is possible that it reflects the exact time when each homolog is silenced and then decondensed following mitosis.
Snail exploits intrinsic discontinuities in transcription
Here we present evidence that transcriptional repression is intimately linked to the cell cycle and propose that Snail exploits the general silencing of transcription that occurs during mitosis. Mitotic silencing offers an opportunity to reset the balance between transcriptional activators and repressors. It is possible that Snail outcompetes the Dorsal activator during mitosis. Indeed, immunohistochemical localization assays suggest that the Snail repressor remains associated with the apical cytoplasm during mitosis (Supplemental Fig. S7A-C) , whereas Dorsal becomes distributed throughout the cytoplasm (Supplemental Fig. S7D-F) . This might give Snail "the jump" on Dorsal after the completion of mitosis. It is also possible that the balance between the Dorsal activator and the Snail repressor is influenced by "titration" of Dorsal due to increases in chromosomal templates arising from replication.
We propose that Snail and other developmental repressors exploit natural discontinuities in transcription (summarized in Fig. 4) . In addition to mitotic silencing, many genes exhibit transcriptional bursts (e.g., see Bothma et al. 2014; Fukaya et al. 2016) . It is possible that repressors like Snail get the upper hand during the refractory periods between bursts. Indeed, we observed inhibition between successive bursts of sog>MS2 expression in the mesoderm following mitotic silencing. Approximately 80% of mesoderm nuclei exhibit a single burst of expression before falling silent (Fig. 4D) , and we observed a similar trend in the repression of the brk>MS2 transgene (Supplemental. Fig.   S8 ). The Snail repressor may be more effective in maintaining the off state following a burst (or mitotic silencing) than inhibiting a gene at the peak of its activity. Mitotic silencing and transcriptional bursting might represent intrinsic mechanisms that foster dynamic repression of gene expression during development.
Materials and methods

Cloning and transgenesis
The plasmids containing MS2 transgenes were generated using pbPHi, which contains the yellow reporter gene (Venken et al. 2006; Perry et al. 2010) . We amplified the enhancer (sog distal, sog intronic, and brk 5 ′ ) and promoter (sog and brk) regions from Drosophila genomic DNA using primers listed in Supplemental Table 1 . The enhancer was inserted into the pbPHi multiple cloning site using the NotI-XhoI restriction enzyme, while the promoter was inserted using the XhoI-BamHI sites. Twentyfour copies of the MS2 stem-loops were enzymatically released from the 24XMS2SL stable vector (Addgene, 31865) by digestion with BamHI and BglII restriction enzymes. It was subsequently inserted downstream from the promoter in the pbPHi vector containing an enhancer, promoter, and yellow reporter gene after being linearized with BamHI. All MS2 transgenes were integrated into the VK33 site of chromosome 3.
FISH and immunostaining
Two-hour-old to 4-h-old yellow;white (yw) embryos were fixed as previously described (Kosman et al. 2004; Bothma et al. 2011) . Hapten-tagged RNA probes were used for hybridization, including the first intron of yellow, brk full-length cDNA, and sog intronic sequence. Hybridized embryos were imaged with a Zeiss700 laser-scanning microscope in z stacks through the nuclear layer at 0.5-μm intervals using a Plan-Apochromat 20×/0.8 air lens. Immunostained embryos were imaged on a Zeiss700 laser-scanning microscope in z-stacks through the nuclear layer at 0.5-μm intervals using a Plan-Apochromat 63×/1.4 air lens. The following primary antibodies were used for detection: sheep anti-digoxigenin and mouse antibiotin (Roche Applied Sciences, Invitrogen). Both were labeled with Alexa dyes using Alexa fluor 555 donkey anti-sheep and Alexa fluor 488 donkey anti-mouse secondary antibodies (Invitrogen). Nuclei were stained with DAPI (Invitrogen). We used a mouse anti-Dorsal (Developmental Studies Hybridoma Bank, 74A) antibody and a guinea-pig anti-Snail antibody (kindly provided by Dr. Wieschaus, Princeton University).
Live-imaging sample preparation and data acquisition Virgin yw; Histone-RFP; MCP-NoNLS-GFP (Garcia et al. 2013 ) females were mated with homozygous males carrying brk > MS2, sogIntronic > MS2, or sogDistal > MS2 transgenes on chromosome 3. Embryos were collected and mounted as described in Bothma et al. (2014) Embryos were imaged on a Zeiss LSM 780 confocal microscope using a Plan-Apochromat 40×/1.4 N.A oil immersion objective. At each time point, a stack of 21 images separated by 0.5 µm was acquired with a final time resolution of 20 sec. Images were taken at 512 × 512 pixels with a pinhole set to 115-µm diameter using bidirectional laser scanning.
Fly genetics
Increases in snail copy number were obtained using a fly strain homozygous for a BAC transgene (25 kb) located on chromosome 3 (Lagha et al. 2013) . Males of this strain were mated with yw; Histone-RFP; MCPNoNLS-GFP virgin females to obtain yw; Histone-RFP/+;MCP-NoNLS-GFP/snaBAC. Virgin females were collected and mated with transgenic males carrying sogIntronic Enhancer > MS2, and embryos were imaged as described above. The progeny with the additional copy of the snail gene (50%) were retrospectively identified after imaging by PCR.
Live-imaging data analysis
Analysis of live images (mean intensity fluorescence of active nuclei and fraction of active nuclei) was performed as described by Garcia et al. (2013) and Bothma et al. (2014) . The mesodermal and ectodermal regions were calculated using a heuristic algorithm that calculates the relative distance between nuclei in nc14 during gastrulation. In this way, we were able to identify nuclei that are fated to undergo ventral furrow formation.
Lineage tracking
A custom-made Matlab code was implemented to trace a nucleus splitting into two daughter nuclei during mitosis and assign these daughter nuclei to the lineage of the mother nucleus. The lineage was manually corrected.
Analysis of homozygous embryos
A custom Matlab code was implemented to record the fluorescent intensity of the MS2 loci in a given nucleus. Each nucleus was segmented, and the maximum projected MS2 channel (488-nm laser excitation) was converted into a binary image in a threshold-dependent manner. Each MS2 locus from a single nucleus was traced over time, and the fluorescent intensity of each locus was recorded. Nuclei with ambiguous separation of the two signals were excluded in this analysis. To calculate the ratio between fluorescent intensity of two alleles, we defined "allele 1" as the one that shows a higher expression level and "allele 2" as the one showing a lower expression level from a given nucleus.
Microfluidics-mediated lengthening of mitosis
A microfluidics device was fabricated as described in Lucchetta et al. (2005) with slight modifications to allow for imaging with a 40× water objective. Due to the short working distance of this objective, the embryos were mounted on a 48 × 60-mm cover glass using heptane glue. The cover glass was coated with a thin layer of PDMS to reduce the heat transfer with the environment. The microfluidics channel was placed on top of this cover glass. Using this device, the embryo was exposed to a flow of 17°C during nc13/nc14 mitosis. The temperature of the flow was measured with a built-in thermometer placed 5 mm upstream of the embryo.
